With respect to bacterial binding ability to the extracellular matrix, the Cnm protein, a cell surface collagen-binding adhesin of S. mutans, is known as one of the possible virulence factors with regard to IE. In this study, we aimed to determine the distribution of the cnm gene, which encodes Cnm, in a large number of clinical isolates of S. mutans from Thai subjects. Then, the cnm-positive strains were classified using a multilocus sequence typing (MLST) scheme, which we constructed previously. In addition, the data were analysed together with our previous MLST data of cnmpositive strains from Japan and Finland in order to evaluate the clonal relationship among S. mutans strains harbouring the cnm gene. The cnm gene was detected in 12.4 % of all 750 Thai isolates, and serotype f showed the highest rate of detection (54.5 %). According to the MLST data, two clonal complex groups were revealed as the important clones related to cnm-positive S. mutans from various origins of isolation. Moreover, the collagen-binding properties of S. mutans strains with the cnm gene were significantly greater than those of strains without the gene, although four cnm-negative strains classified into two sequence types (STs), ST110 and ST136, showed extremely high collagen-binding rates suggesting the presence of additional genes involved with collagen binding in these STs. Taken together, these results provided information on both epidemiological as well as evolutional aspects of S. mutans possessing the cnm gene.
INTRODUCTION
Streptococcus mutans is a well-known pathogen of dental caries (Hamada & Slade, 1980) , which consists of four serotypes, c, e, f and k (Linzer et al., 1986; ). The detection rate of serotype c is highest among the strains isolated from oral cavities, followed by serotype e, while serotypes f and k are regarded as being present in minor proportions . Various pieces of evidence show the association of S. mutans with some life-threatening diseases such as infective endocarditis (IE), although the major species related to IE belong to the mitis group of oral streptococci (Banas, 2004; Mylonakis & Calderwood, 2001) . Moreover, continuous detections of this bacterium in specimens from patients suffering from such disease emphasize the importance of S. mutans in IE (Gauduchon et al., 2001; Nomura et al., 2006; Vose et al., 1987; Ullman et al., 1988) . Indeed, studies to clarify specific components IP: 54.70.40.11
On: Thu, 18 Jul 2019 01:38:16 involved in IE in S. mutans have also been performed worldwide (Beg et al., 2002; Jung et al., 2009; MatsumotoNakano et al., 2009; Miller-Torbert et al., 2008) .
IE is initiated by the binding of bacterial surface molecules to host extracellular matrix (ECM) proteins exposed on damaged heart tissue (Moreillon & Que, 2004) . In S. mutans, collagen-binding adhesin or Cnm protein, encoded by the cnm gene, was reported as a strain-specific collagen-binding molecule (Sato et al., 2004) . The Cnm protein possesses a collagen-binding domain (CBD) in its structure, which can bind to both collagen and laminin. Our previous studies have indicated the predominant frequency of this cnm gene in minor serotypes f and k, which usually showed unique characteristics concerning the pathogenesis of IE (Nakano et al., 2004a (Nakano et al., , 2007 (Nakano et al., , 2008 ). An unambiguous typing method based on the nucleotide sequences of eight housekeeping genes, multilocus sequence typing (MLST), was developed for S. mutans, and showed a close evolutional relationship among cnmpositive strains (Nakano et al., 2007) . MLST analysis of cnm-positive strains from various origins will provide more insight into S. mutans clones with collagen-binding ability due to the possession of the cnm gene.
Thus, in this study, we investigated the distribution of the cnm gene in a large number of clinical isolates of S. mutans from the Thai population. Then, the cnm-positive strains obtained were analysed by MLST to evaluate the clonal relationship between these strains and the cnm-positive S. mutans strains previously analysed using MLST.
METHODS
Samples and bacterial isolation. Stimulated saliva specimens were provided by 150 Thai subjects (59 male, 91 female; aged 5-70 years) who came to the Faculty of Dentistry, Mahidol University, during 2008 to 2010. This project was approved by the Ethics Committee of Mahidol University. Firstly, serial dilutions of the collected saliva were cultured on mitis salivarius agar (Difco) plates containing bacitracin (0.2 U ml 21 ; Sigma), 0.001 % (v/v) tellurite solution (Becton, Dickinson) and 15 % (w/v) sucrose (MSB agar plates) (Gold et al., 1973) . After a 2 day incubation at 37 uC, five presumptive rough colonies of S. mutans were randomly picked from each subject's culture plate, and confirmed to be S. mutans by biochemical tests including fermentation of 1 % mannitol, sorbitol, raffinose or melibiose in phenol red broth base (Difco), and negative testing for dextran agglutination (Nakano et al., 2004a) . Collectively, a total of 750 strains of S. mutans were obtained and analysed in this study.
Genomic DNA extraction. Genomic DNA of all strains was extracted as described previously (Nakano et al., 2004a) . Briefly, the tested bacteria were grown in brain heart infusion (BHI; Difco) broth at 37 uC for 18 h; then the cells were collected and washed by centrifugation. Bacterial cell walls were digested with lysozyme (Bio Basic; 20 mg ml 21 ) at 37 uC for 1 h. Thereafter, cell lysis solution, protein precipitation solution and RNase (Qiagen) were used to purify the DNA as recommended by the manufacturer. Finally, genomic DNA was precipitated by ethanol, and resuspended in DNA hydration solution (Qiagen).
Serotype determination. The serotype of each S. mutans strain was determined by both an immunodiffusion method using rabbit antisera specific for serotypes c, e, f and k, as well as PCR using serotype-specific sets of primers as described elsewhere (Nakano et al., 2004b; Shibata et al., 2003) . The amplified fragments were visualized using electrophoresis in 1.5 % agarose gel in the presence of 1 mg ethidium bromide ml 21 .
Distribution of cnm genes among S. mutans strains isolated from Thai subjects. The distribution of the cnm gene was evaluated by the PCR method with specific primers for the entire length of the cnm gene (cnm-1F, 59-GAC AAA GAA ATG AAA GAT GT-39; cnm-1R, 59-GCA AAG ACT CTT GTC CCT GC-39), as described previously . The amplified fragments were visualized in 0.7 % agarose gel in the presence of 1 mg ethidium bromide ml 21 . For all detections, strains TW871 and MT8148 (Fujiwara et al., 2001; Ooshima et al., 1983) were used as positive and negative controls, respectively. Analysis of clonal relationship using MLST. One S. mutans strain possessing the cnm gene from each subject was randomly selected and analysed by the MLST scheme, as described previously (Nakano et al., 2007) . Equal numbers of S. mutans strains without the cnm gene in each serotype were also subjected to MLST as the control strains for the Thai subjects. Briefly, internal fragments of eight housekeeping gene loci were amplified (Nakano et al., 2007) , and their nucleotide sequences determined (Table 1 ). The sequences for each housekeeping gene fragment were compared with the previously described data (Lapirattanakul et al., 2008; Nakano et al., 2007) in order to assign allele numbers using a non-redundant database (http://linux.mlst.net/ nrdb/nrdb.htm). Eight allele numbers for each strain defined the allelic profile and, consequently, sequence type (ST) of that strain. STs 1-108 were assigned in our previous studies (Lapirattanakul et al., 2008; Nakano et al., 2007) . All new alleles defined in the present study are shown in bold in Table 2 .
All allelic profiles determined in this project, together with our previous MLST data of 108 STs (Lapirattanakul et al., 2008; Nakano et al., 2007) , were analysed with computational programs as follows. The START (sequence type analysis and recombinational tests) tools (http://pubmlst.org/software/analysis/start2) (Jolley et al., 2001) were used to produce a matrix of pairwise differences in the allelic profiles and a dendrogram was constructed from the matrix using UPGMA. Then, related STs were grouped into lineages or clonal complexes using the eBURST (enhanced based upon related sequence types) program, version 3 (http://eburst.mlst.net) (Feil et al., 2004) . Two or more independent isolates sharing identical alleles at six or more loci were defined as members of a lineage. Each lineage was a 'group' or 'clonal complex', which designates STs that have diversified very recently from a common ancestor.
Collagen-binding assay. The collagen-binding properties of the strains isolated from Thai subjects, which were analysed by the MLST method, were evaluated by the method described previously . Briefly, type I collagen, 2 mg in 0.25 M acetic acid (Sigma), was coated onto the wells of 96-well tissue culture plates (Corning) and incubated overnight at 4 uC; then the plates were washed three times with PBS and 5 % BSA (Sigma) in PBS was used as a blocking agent at 37 uC for 1.5 h. Next, the wells were washed again with PBS containing 0.01 % Tween 20. Cells from overnight cultures of S. mutans grown in BHI broth were collected by centrifugation, resuspended and an aliquot of 2610 9 cells was added to each well. After 3 h incubation at 37 uC, adherent cells were washed three times with PBS, and then fixed with 200 ml 25 % formaldehyde at room temperature for 30 min. After another three washes with PBS, the adherent cells were stained with 200 ml 0.05 % crystal violet in water for 1 min and washed three times with PBS; then the dye was dissolved by adding 7 % acetic acid (200 ml) before determining the A 595 value. The results for each strain were expressed as a percentage as compared to the binding property of TW871, which was defined as 100 %. Assays for each tested strain were performed in triplicate and repeated twice.
Statistical analysis. Statistical analyses were performed using the SPSS statistical software package (SPSS). Collagen-binding rates between the cnm-positive and cnm-negative strains were compared using the Mann-Whitney-U test. Pearson's correlation, as well as Fisher's exact probability test, was used to compare cnm-positive proportion between each serotype. For all analyses, P values less than 0.05 were considered to be statistically significant.
RESULTS
Distribution of cnm genes among S. mutans isolated from Thai subjects A total of 750 strains of S. mutans from 150 Thai people were classified mainly as serotype c, followed by serotype e, whereas serotypes f and k were detected only in minor proportions (Table 3) . PCR results indicated that the cnm gene was detected in 26 of 150 subjects (17.3 %), in which all five strains picked up were positive for the cnm gene in half of these subjects. The other half of these subjects possessed both cnm-positive and cnm-negative isolates. When the number of strains was considered, the cnm gene was found in 93 of all 750 strains (12.4 %) ( Table 3) . Most of the cnm-positive strains belonged to serotype f (54.5 %), and positive strains could also be identified in serotype c (8.9 %), e (11.3 %) and k (20.8 %). The prevalence of the cnm gene in serotype f was significantly greater than in the other serotypes (P,0.001 between serotype f and c, as well as between serotype f and e; and P,0.01 between serotype f and k).
Clonal relationship of S. mutans strains by MLST
We performed MLST analysis for 26 cnm-positive and 26 cnm-negative S. mutans strains isolated from Thai subjects, which were compared with the strains with the previously determined 108 STs. All 52 S. mutans strains from Thai subjects (20 strains of serotype c, 13 strains of serotype e, 12 strains of serotype f and 7 strains of serotype k) were classified into 39 STs, in which 34 STs were considered new (designated ST109 through ST142) ( Table 2 ). The most common STs among these 52 Thai strains were ST129 and ST140, which contained 3 members for each ST. The association of one ST with different serotypes was also identified. ST129 was composed of serotypes c and e, while ST111 showed both serotypes c and f. Furthermore, the presence of the cnm gene was detected only in strain TLJ42-1, although strains TLJ42-1 and TLJ6-1 shared the same ST (ST110). The distribution of cnm-positive strains among these clonal complex groups was observed in six groups (groups 2, 5, 7, 11, 12 and 16) . While groups 7, 12 and 16 were small groups containing only 2 member STs, groups 5 and 11 contained 15 and 9 member STs, respectively, and approximately 70-80 % of STs in these groups possessed the cnm gene. Even though the isolates in this dendrogram originated from three main countries, Finland, Japan and Thailand, no obvious bias according to the geographical region was seen. Mixed origins of isolation were seen in most of the groups, and only five groups (groups 4, 6, 7, 13 and 16) with limited number of members showed all STs isolated from a single country.
Collagen-binding properties of S. mutans strains from Thai subjects
The collagen-binding properties for 26 cnm-positive and 26 cnm-negative S. mutans strains from Thai subjects were evaluated. The collagen-binding properties of strains with the cnm gene were significantly higher than those of strains TLJ20-3  137  f  3  5  5  1  2  3  3  1  EL  TLJ97-1  138  f  2  9  5  6  4  4  3  1  EL  TLJ112-2  39  f  2  5  5  6  2  3  3  1  EL  TLJ135-1  139  f  1  2  15  3  1  11  11  20  EL  TLJ11-2  140  k  1  3  1  8  11  2  9  3  EH  TLJ26-1  141  k  1  2  1  3  14  3  11  1  EL  TLJ80-2  141  k  1  2  1  3  14  3  11  1  EL without the gene (P,0.001) (Fig. 2) . Nevertheless, four cnm-negative strains with strong collagen-binding ability were also seen ( Table 2 ). All of these strains except for TLJ9-1 belonged to the same clonal complex group based on MLST analysis. Furthermore, strains TLJ6-1 and TLJ42-1 possessed quite similar collagen-binding rates, although they showed the same ST (ST110), but a different cnm gene profile. However, the relatedness of cnm-positive strains without collagen-binding ability could not be clarified based on the MLST data in this study.
DISCUSSION
The detection of S. mutans in specimens taken from patients with IE has been reported by either conventional or molecular techniques (Gauduchon et al., 2001; Nakano et al., 2006; Nomura et al., 2006; Vose et al., 1987; Ullman et al., 1988) . Since IE is initiated by the colonization of the organism on the ECM of damaged endothelium in heart tissue (Moreillon & Que, 2004) , bacterial molecules associated with adhesion to ECM are considered important. The Cnm protein, encoded by the cnm gene, was reported as one of the possible virulence factors involved in IE in S. mutans (Sato et al., 2004) . This protein was shown to be highly homologous to the collagen-binding protein of Staphylococcus aureus, Cna, which plays an important role in the animal model of IE (Hienz et al., 1996) . This aspect was also emphasized by the finding that the collagenbinding abilities of strains with the cnm gene were significantly greater than those of strains without the gene . In addition, the Cnm protein was proved to be necessary for invasion of human coronary artery endothelial cells (Abranches et al., 2011) . The distribution of the strains with the cnm gene has previously been reported in two populations, Japanese and Finnish people, in which S. mutans with minor serotypes, f and k, showed high proportions of the gene (Nakano et al., 2007; Nomura et al., 2009) . Subsequently, the presence of strains with the cnm gene was reported in 6 of 50 strains from 50 Thai subjects (Nakano et al., 2010) . In the present study, we intended to expand the analysis using large numbers of strains isolated from Thai subjects. We found that the distribution of the cnm gene in S. mutans from Thai subjects was highest in serotype f (54.5 %). Such distribution was also observed in S. mutans strains from Japanese and Finnish people (Nakano et al., 2007; Nomura et al., 2009) . These results thus confirmed the association between serotype f and the presence of the cnm gene in S. mutans.
Recently, we constructed a MLST method for S. mutans, and used this technique to evaluate the clonal relationship of 102 isolates including 22 cnm-positive strains. Thus, 92 STs (ST1-ST92) were identified (Nakano et al., 2007) . In the following study in which the MLST method was used to demonstrate mother-to-child transmission, an additional 16 STs (ST93-ST108) were detected (Lapirattanakul et al., 2008) . In the present study, we further analysed 52 S. mutans, 26 cnm-positive and 26 cnm-negative strains, from our Thai subjects, and showed 34 new STs (ST109-ST142). When we considered the clonal complexes related to the cnm gene, six clonal complex groups (groups 2, 5, 7, 11, 12 and 16) contained cnm-positive strains as members. Although the association of groups 2, 5, 7 and 11 with cnm-positive strains has been found since our previous work (Nakano et al., 2007) , the increasing numbers of both isolates and STs possessing the cnm gene were clearly found among groups 5 and 11 in this study (Fig. 1) . Notably, the serotypes of members in these two groups seemed to be different. While group 5 contained strains in serotypes c, f and k, the members in group 11 were serotypes c, e and f. Thus, some isolates in these two different lineages have acquired the cnm gene during their evolution, and successfully propagated the gene to initiate such clones. Given the binding ability to ECM of strains harbouring the cnm gene, groups 5 and 11 might be considered as hypervirulent clones of S. mutans in terms of IE. Therefore, more studies on the common characteristics of strains in these clones might provide an efficient way to track IErelated S. mutans strains. As for the sources of the isolates, S. mutans strains in the present study were mainly isolated from Finland, Japan and Thailand, with only one complete genome sequenced strain, UA159 (ST1), from the United States. However, most of the clonal complex groups were composed of isolates from more than one country of origin. The origins of strains in groups 5 and 11, which related to many cnm-positive strains, were also mixed.
In this study, we also determined the collagen-binding properties of the 52 S. mutans strains (26 cnm-positive and 26 cnm-negative strains), which were analysed by the MLST method. The collagen-binding properties of cnmpositive strains were significantly greater than those of cnm-negative strains (P,0.001) (Fig. 2) . Thus, the result of isolates from Thai subjects confirmed our previous data based on isolates of Japanese strains ). However, we also found four cnm-negative strains posses- Nakano et al. (2007) . Clonal complex groups, serotypes, as well as the origins of isolates (A, USA; F, Finland; J, Japan; T, Thailand) are indicated. Fig. 2 . Comparison of collagen-binding properties of cnm-positive (n526) and cnm-negative (n526) strains. The collagen-binding activity of each strain was standardized to that of strain TW871, taken as 100 %. The binding rates between these two groups were found to be statistically significantly different (Mann-Whitney-U test; P,0.001).
sing high collagen-binding rates (TLJ11-2, TLJ85-4, TLJ137-4 and TLJ9-1) ( A lack of correlation between serotypes and STs has been demonstrated in many bacterial species, such as Streptococcus pneumoniae, Neisseria meningitidis and Streptococcus agalactiae, and the horizontal transfer of capsular biosynthesis genes related to serotyping is speculated to be the reason (Coffey et al., 1991; Luan et al., 2005; Pettigrew et al., 2006; Swartley et al., 1997) . In fact, we also reported the association of one ST with two serotypes in our previous work (Lapirattanakul et al., 2008; Nakano et al., 2007) . However, the MLST analysis in this study revealed more evidence of this aspect (Fig. 1) . Furthermore, the results in the present study also indicated isolates of identical ST with a differing presence of the cnm gene (ST52 and ST110). The cnm gene, similar to genes encoding proteins related to serotypespecific polysaccharide, was described as a dispensable gene in S. mutans, as it is present in some -but not all -strains of S. mutans (Medini et al., 2005; Waterhouse & Russell, 2006) . Thus, it could be speculated that such a gene is easily transferred among unrelated strains through horizontal transfer, while the core genome, such as housekeeping genes used in MLST, is more faithfully transferred according to evolutional manner. Since the data gained from MLST analysis are also an invaluable resource for studying bacterial population structure, the expansion of MLST analysis into strains from various geographical regions, and from both disease and non-disease related sources, is needed to precisely clarify the important effects of horizontal gene transfer involving recombination to S. mutans population structure (Didelot & Maiden, 2010) .
In summary, in this work both prevalence and MLST analyses were performed to study S. mutans containing the cnm gene in a large number of clinical isolates. The data, therefore, provided overview information for both the epidemiological and evolutional aspects of such strains. Moreover, the important clones related to cnm-positive strains of S. mutans have also been indicated. Further studies focused on additional S. mutans clones involved in other aspects of IE pathogenesis will provide more candidate clones of S. mutans related to IE, and might help with the narrowing down of suitable clones for the practical monitoring of IE risks caused by S. mutans in patients.
